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question	of	 community	 ecology	 and	 conservation.	Habitat	 segregation	between	
two	species	might	help	reduce	the	effects	of	 interspecific	competition	and	apex	
predators	are	of	special	interest	in	this	context,	because	their	interactions	can	have	
consequences	 for	 lower	 trophic	 levels.	 However,	 habitat	 segregation	 between	
sympatric	 large	carnivores	has	 seldom	been	studied.	Based	on	monitoring	of	53	
brown	 bears	 (Ursus arctos)	 and	 seven	 sympatric	 adult	 gray	 wolves	 (Canis lupus)	
equipped	with	GPS	collars	in	Sweden,	we	analyzed	the	degree	of	interspecific	seg‐









terspecific	 interactions	 at	 different	 spatial	 scales	 is	 essential	 for	 understanding	
how	sympatric	large	carnivores	occur	and	coexist	in	human‐dominated	landscapes,	
and	how	coexistence	may	affect	 lower	 trophic	 levels.	The	 individual	variation	 in	
habitat	selection	detected	in	our	study	may	be	a	relevant	mechanism	to	overcome	
intraguild	competition	and	facilitate	coexistence.
K E Y W O R D S
brown	bear	(Ursus arctos),	coexistence,	competition,	gray	wolf	(Canis lupus),	habitat	
segregation,	habitat	selection
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1  | INTRODUC TION
One	 of	 the	main	 objectives	 in	 community	 ecology	 and	 conserva‐
tion	 is	 to	 understand	 the	mechanisms	 that	 allow	 the	 coexistence	
of	species	within	the	same	guild.	This	understanding	requires	iden‐


















ics	 of	 species	 at	 other	 trophic	 levels	 (Caro	&	Stoner,	 2003;	Creel,	





















Group,	 IUCN	 and	 IBA,	 2017;	 Chapron	 et	al.,	 2014).	 Both	 species	
are	efficient	predators	of	neonate	ungulates	(Barber‐Meyer,	Mech,	
&	White,	 2008;	 Sand	 et	al.,	 2008;	 Swenson	 et	al.,	 2007),	 and	 the	
sharing	of	this	common	resource	may	fuel	interspecific	competition.	
In	addition,	brown	bears	are	efficient	scavengers	of	wolf‐killed	un‐
gulates	 (e.g.	Ballard	et	al.,	 2003)	 (Figure	1).	 Therefore,	 they	 are	 an	
interesting	duo	for	evaluating	the	mechanisms	involved	in	the	coex‐
istence	of	apex	predators.
Wolves	 are	 obligate	 carnivores,	 and	 bears	 are	 omnivores.	 In	




2007),	 and	 they	 kleptoparasitize	 more	 than	 half	 of	 the	 wolf	 kills	
during	spring	in	central	Sweden	(Milleret,	2011;	Ordiz	et	al.,	2015).	
Bear	density	has	a	negative	effect	on	the	probability	of	wolf	pairs	














F I G U R E  1  A	brown	bear	(Ursus arctos)	and	a	wolf	(Canis lupus)	
feeding	on	the	same	moose	carcass	(originally	killed	by	wolves)	in	
southcentral	Sweden.	©SKANDULV










































2  | MATERIAL S AND METHODS
2.1 | Study area
Our	study	area	was	located	in	central	Sweden	(Figure	2;	elevation:	
100–830	m),	 mainly	 composed	 of	 boreal	 forest,	 with	 the	 conifer‐




is	 crisscrossed	by	many	 roads	 (1	±	0.5	km/km2;	Ordiz	 et	al.,	 2014),	
which	 are	 also	 used	 for	 a	 variety	 of	 other	 human	 activities,	 in‐
cluding	 moose	 and	 bear	 harvest	 in	 the	 fall.	 Snow	 usually	 covers	
the	 ground	 from	 December	 to	 March.	 Bear	 density	 approached	




territories	 have	 been	 recorded	 annually	 during	 systematic	 snow‐









Wolves	 and	 bears	 were	 captured	 following	 ethically	 ap‐
proved	 veterinary	 procedures	 described	 in	 Arnemo,	 Evans,	 and	
Fahlman	 (2012)	 and	were	 equipped	with	GPS–GSM	neck	 collars	
(VECTRONIC	 Aerospace	 GmbH,	 Berlin,	 Germany).	 At	 least	 one	
territory‐holding,	scent‐marking	adult	wolf	per	breeding	pair	was	
collared	in	the	three	known	wolf	territories	in	the	core	of	our	study	





members	 for	 the	 analysis	 (see	 study	 period	 paragraph	 for	more	
details).	We	used	data	from	53	radio‐collared	bears,	whose	collars	
were	programmed	to	record	locations	every	hour	during	our	study	
periods.	 About	 80%	 of	 the	 adult	 female	 bears	 and	 50%	 of	 the	
adult	male	bears	 in	 the	 study	area	are	 radio‐collared	 (Bellemain,	
Swenson,	&	Taberlet,	2006).	During	1	January	2010–31	December	
2014,	we	obtained	931,277	GPS	locations	from	79	bear‐years	and	





map	 (Lantmäteriet,	 Sweden;	 Supporting	 Information	 Table	S1)	
constructed	 from	 satellite	 images	 taken	 on	 12	 September	 2002.	
Because	 of	 intensive	 logging	 in	 the	 study	 area,	 we	 updated	
the	 vegetation	 map	 using	 information	 about	 forest	 clear‐cuts	
(Nicholson,	Milleret,	Månsson,	&	Sand,	2014)	performed	between	
12	 September	 2002	 and	 1	 January	 2012	 (mid‐date	 of	 the	 study	
period).	We	obtained	this	 information	from	the	Swedish	Forestry	
Agency	(http://www.skogsstyrelsen.se).	To	account	for	succession	
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of	the	vegetation,	the	classes	Clearcuts	and	Young Forest	 in	2002	
were	 reconsidered	 as	Young Forest	 and	Mid‐age coniferous forest 
(Supporting	 Information	 Table	S1),	 respectively,	 in	 the	 updated	
map	(Nicholson	et	al.,	2014).
We	also	computed	distances	 in	km	from	main	 (paved)	and	sec‐




using	 moving	 windows	 of	 different	 sizes	 (3	×	3;	 5	×	5;	 7	×	7)	 with	







occur	 near	 kill	 sites	 (Ballard	 et	al.,	 2003).	 We	 used	 moose	 pellet	



















2002)	with	 the	 number	 of	 pellets	 counted	 in	 each	 plot	 as	 the	 re‐
sponse	 variable	 (Gervasi	 et	al.,	 2013).	 We	 used	 all	 land‐use	 de‐
scriptors	as	explanatory	variables	(except	the	variable	“Water”)	and	












F I G U R E  2  Map	of	the	study	area	in	central	Sweden.	The	elevational	gradient	is	shaded	from	black	(low	elevation)	to	white	(high	
elevation).	GPS	locations	from	brown	bears	(circles)	and	gray	wolves	(stars	with	black	outline)	are	shown	in	different	colors	for	each	
individual	during	the	study	period	(2010–2015)
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never	 exceeded	 30%	 (Spearman’s	 r),	 which	 is	 in	 accordance	 with	
other	studies	using	similar	data	and	models	(e.g.	Bouyer	et	al.,	2015).	










and	 bears	 (Figure	3),	 because	 seasonality	 is	 an	 important	 factor	
to	 consider	 in	 studies	 of	 interspecific	 interactions	 (e.g.	 Basille,	
Fortin,	 Dussault,	 Ouellet,	 &	 Courtois,	 2013;	 Bastille‐Rousseau	
et	al.,	 2016).	 During	 the	 late‐winter	 period	 (1	 March–30	 April),	
male	 bears	 start	 to	 leave	 their	 winter	 dens	 (Manchi	 &	 Swenson,	
2005).	The	spring	period	(1	May–30	June)	overlaps	with	wolf	repro‐
duction	 (Alfredéen,	 2006;	Nonaka,	 2011;	Mech	&	Boitani,	 2010)	
and	 the	bear	mating	season	 (Dahle	&	Swenson,	2003).	The	 latter	
period	 also	 includes	 the	birth	 of	moose	 calves	 (Markgren,	 1969),	
which	are	a	highly	utilized	prey	by	both	wolves	and	bears	in	several	
ecosystems,	 including	 our	 studied	 ecosystem	 (Rauset,	 Kindberg,	
&	 Swenson,	 2012;	 Brockman,	 Collins,	Welker,	 Spalinger,	 &	 Dale,	
2017,	Tallian	et	al.,	 2017).	During	 the	 late‐winter	period,	we	only	
used	GPS	locations	from	one	member	of	the	pair	(male	or	female,	
Supporting	Information	Table	S4),	because	both	pair	members	usu‐
ally	 travel	 together	 outside	 the	 reproduction	 period	 (Peterson,	
Jacobs,	Drummer,	Mech,	&	Smith,	2002;	Zimmermann	et	al.,	2015).	

















or	 negative)	 indicates	 habitats	 used,	 and	 the	marginality	 “score”	
indicates	 the	 strength	 of	 the	 use.	 Average	 conditions	 were	 de‐
fined	using	a	95%	MCP	for	each	individual‐year.	In	order	to	extract	
the	 relevant	 aspects	 of	 habitat	 selection,	 we	 computed	 a	 prin‐
cipal	 component	 analysis	 from	 the	 marginality	 vectors.	 For	 fur‐
ther	details	on	mathematical	procedures	of	K‐select,	see	Calenge	
et	al.	(2005).	Using	linear	mixed	models	(Bates,	Mächler,	Bolker,	&	
Walker,	 2015),	 we	 then	 tested	whether	 species,	 bear	 reproduc‐
tive	status,	time	of	the	day,	or	interactions	among	these	variables	









et	al.,	 2015;	 Uboni,	 Smith,	 Mao,	 Stahler,	 &	 Vucetich,	 2015),	 indi‐
viduals	 that	were	monitored	 in	multiple	 years	were	 considered	 as	





the	95%	MCP	using	 all	GPS	 locations	 from	both	day	 and	night	 as	
available	 for	 each	 individual‐year.	 In	 brown	bears,	 behavior	 varies	
markedly	due	to	sex	and	reproductive	status,	for	example,	in	terms	
of	daily	movement	patterns	(Ordiz	et	al.,	2014)	and	habitat	selection	
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different	 categories.	 The	different	 available	 habitats	 among	home	
ranges	of	different	individual	bears	and	wolves	could	lead	to	func‐
tional	 responses	 (Mysterud	 &	 Ims,	 1998).	 However,	 we	 could	 not	
detect	any	functional	response	(Supporting	Information	Figure	S2).
2.7 | Habitat niche segregation





























lated	p‐values	as	 the	proportion	of	 simulated	segregation	 indexes	
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3  | RESULTS






p	≤	0.05)	 during	 the	 night	 (Table	1).	 Species	 and	 time	 of	 day	were	
important	 variables	 explaining	 variation	 in	 marginality	 scores	 on	
different	 axes	 (Table	2A).	Wolves	 tended	 to	 select	 for	moose	 oc‐
currence,	 young	 forests,	 and	 rugged	 terrain	 more	 than	 bears	 did	
(Figure	5a,	Axis	2),	as	shown	by	the	negative	beta	values	for	all	bear	
classes	 (Table	3A,	 Axis	 2).	 Nevertheless,	 we	 also	 observed	 simi‐
larities	 in	habitat	 selection	among	wolves	and	bears.	Both	species	
tended	to	select	mid‐age	forests	and	areas	farther	away	from	sec‐
ondary	 roads	and	buildings	during	 the	day	compared	 to	 the	night.	
For	the	axes	4,	5,	and	6,	individual	variability	in	habitat	selection	was	
not	explained	by	species‐specific	or	 intraspecific	 (i.e.	 reproductive	
status)	characteristics	(Figure	5a).
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important	 variables	 to	 explain	 the	 variation	 in	marginality	 scores,	
but	 only	 on	 the	 first	 axis	 of	 the	 K‐select	 (Table	2B).	 Consistently	
with	the	late‐winter	period,	wolves	tended	to	select	for	moose	oc‐





individuals	 (for	 both	 species)	 in	 habitat	 selection.	 For	 example,	
wolves	 and	bears	 showed	a	 stronger	 selection	 for	mid‐age	 forest,	



































































































































































































































F I G U R E  5    (Continued)
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than	 expected	 by	 chance	 during	 late	 winter	 and	 spring.	 Habitat	
segregation	 between	 wolves	 and	 bears	 was	 lower	 in	 late	 winter	
(̄Sij	=	14%)	 than	 in	 spring	 (̄Sij	=	20.8%),	 when	 segregation	 also	 in‐













et	al.,	 2016).	 To	 account	 for	 marked	 seasonal	 differences	 in	 the	





(Griffin	 et	al.,	 2011),	 we	 expected	 wolf–bear	 habitat	 segregation	
to	be	lower	during	this	period.	However,	segregation	tended	to	be	
higher.	Wolves	segregated	from	all	bear	classes	in	the	spring,	com‐
















by	 wolves	 and	 bears	 (Wikenros,	 Sand,	 Ahlqvist,	 &	 Liberg,	 2013).	
Thus,	kleptoparasitism	of	wolf	kills	by	bears	in	late	winter,	which	is	
common	 in	 our	 study	 area	 (Milleret,	 2011),	 could	 also	 explain	 the	
lower	 habitat	 segregation	 observed	 between	wolves	 and	 bears	 in	
late	winter	than	in	spring.
We	 found	 that	 habitat	 selection	 of	 both	 species	was	 affected	
similarly	by	 time	of	 the	day.	Wolves	and	bears	avoided	human‐re‐
lated	infrastructure	during	daytime,	when	outdoor	human	activities	
peak.	 Large	 carnivores	 generally	 avoid	 human‐dominated	 habitats	
and	related	features	(Oriol‐Cotterill,	Macdonald,	Valeix,	Ekwanga,	&	
Frank,	2015),	and	Scandinavian	bears	and	wolves	are	no	exception	
(Ordiz	 et	al.,	 2014,	 2015;	 Zimmermann	 et	al.,	 2014).	 Indeed,	most	
mortality	 events	 are	 human‐related	 in	 Scandinavia	 for	 both	 bears	
(Bischof,	Swenson,	Yoccoz,	Mysterud,	&	Gimenez,	2009)	and	wolves	
(Liberg	 et	al.,	 2011;	Milleret	 et	al.,	 2017).	 Therefore,	 avoidance	 of	
human‐related	habitats	during	daytime	(a)	reinforces	previous	find‐
ings	of	 the	strong	effects	 that	human	activities	have	on	 large	car‐
nivore	behavior	 in	human‐dominated	 landscapes;	and	 (b)	may	help	
to	explain	similarities	 in	habitat	 selection,	which	could	also	be	 the	
result	of	wolves’	and	bears’	predation/scavenging	on	the	same	prey.	
Similar	findings	have	been	reported	for	Eurasian	lynx	and	wolverines	
TA B L E  1  Paired	comparisons	of	weighted	habitat	niche	segregation	( ̄Sij)	in	percentages	between	gray	wolves	and	brown	bears	in	Sweden,	
2010–2015
Day FWC Day M Day SF Day Sub Day Wolf Night FWC Night M Night SF Night Sub Night Wolf
Day	FWC 11.1 9.1 12.1 23.8b 4.7c 8.6 10.3 12.2 16.5a
Day	M 24.2 9.0 9.0 21.8a 12.1b 6.4c 12.5a 11.8a 13.1
Day	SF 25.7 18.2 10.3 12.4a 9.6 7.7 5.4c 12.2 13.9
Day	Sub 27.3 18.1 23.7 24.5b 12.7 8.5 11.7 6.6c 15.9a
Day	Wolf 26.7 12.2 16.6 21.8 24.9c 22.6b 25.1b 26.4b 11.7b
Night	FWC 5.9 23.5 24.8 25.8 26.0 9.1 8.9 11.2 17.0a
Night	M 24.9 6.1c 19.7 19.1 13.1a 24.0 9.5 9.7 14.0a
Night	SF 26.9 18.6 6.4a 24.9 17.6 25.9 19.4 11.4 16.0a
Night	Sub 27.8 21.1 25.0 5.2 24.0 26.2 21.7 26.4 17.6a
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into	 account	 to	 interpret	 spatial	 interactions	 between	 sympatric	
species.	 This	 includes	 accounting	 for	 intraspecific	 factors	 that	
shape	behavioral	interactions	among	individuals	(Grassel,	Rachlow,	
&	Williams,	2015).	We	defined	two	study	periods	that	aligned	with	
seasonal	 differences	 in	 the	 behavior	 of	 both	 wolves	 and	 bears	
(Figure	3)	 and	 explicitly	 took	 into	 account	 intra‐annual	 and	 daily	
individual	 variation	 in	 habitat	 selection	 (Uboni	 et	al.,	 2015).	 Our	
K‐select	 analysis	 highlighted	 large	 individual	 variability	 in	 habitat	
selection	that	could	not	be	explained	solely	by	species	and	 intra‐
specific	characteristics.	The	limited	sample	size	prevented	us	from	
having	 the	 statistical	 power	 required	 to	distinguish	wolf	 variabil‐
ity	 in	habitat	selection.	Therefore,	reproductive	success,	sex‐spe‐
cific	 differences,	 and	 den	 location	 are	 factors	 that	 could	 explain	
the	observed	habitat	selection	variation	among	wolves.	Individual	
variation	 in	 habitat	 selection	 and	 daily	 activity	 pattern	 have	 al‐
ready	 been	 reported	 for	 bears	 (Gillies	 et	al.,	 2006;	 Leclerc	 et	al.,	
TA B L E  3  Parameter	estimates	for	each	of	the	fixed	effects	retained	in	the	best	linear	mixed	models	to	test	whether	species	(gray	wolf	
and	brown	bear),	bear	reproductive	status,	time	of	the	day,	and	or	interactions	among	these	variables	could	explain	differences	in	the	
centered	marginality	values	obtained	on	each	axis	of	the	K‐select,	based	on	AIC	model	comparison	(Table	2)
(A) Late‐winter period (B) Spring period
Beta SE LCI UCI Beta SE LCI UCI
Axis	1 Axis	1
Intercepta 0.51 0.10 0.30 0.71 Interceptb −0.86 0.16 −1.19 −0.54
Night −0.15 0.05 −0.26 −0.04 Wolf_night 0.28 0.14 0.00 0.56
Bear_FWC_day 0.57 0.19 0.20 0.94
Axis	2 Bear_FWC_night 0.74 0.19 0.37 1.11
Interceptc 0.64 0.28 0.07 1.21 Bear_M_day 0.28 0.18 −0.08 0.64
Bear_FWC −0.58 0.37 −1.32 0.17 Bear_M_night 0.50 0.18 0.15 0.86
Bear_M −0.36 0.32 −0.99 0.28 Bear_SF_day 0.34 0.18 −0.02 0.69
Bear_SF −0.38 0.32 −1.03 0.27 Bear_SF_night 0.55 0.18 0.20 0.91
Bear_Sub −1.20 0.32 −1.85 −0.56 Bear_Sub_day 0.59 0.18 0.24 0.95
Axis	3 Bear_Sub_night 0.76 0.18 0.40 1.12
Interceptc −0.05 0.37 −0.79 0.69
Bear_FWC 0.32 0.47 −0.64 1.28 Axis	2
Bear_M 0.40 0.40 −0.40 1.21 Intercepta −0.10 0.04 −0.17 −0.02
Bear_SF 0.11 0.41 −0.70 0.93 Night 0.08 0.03 0.01 0.14
Bear_Sub −0.36 0.40 −1.17 0.44
Axis	3
Axis	4 Intercepta −0.10 0.04 −0.17 −0.02
Intercept 0.26 0.08 0.26 0.52 Night 0.08 0.03 0.01 0.14
Axis	5 Axis	4
Intercept 0.36 0.23 0.19 0.27 Intercepta 0.00 0.04 −0.07 0.08
Night −0.10 0.03 −0.15 −0.05
Axis	6
Intercept −0.01 0.06 0.13 0.19 Axis	5
Intercepta 0.00 0.03 −0.06 0.06
Night 0.06 0.02 0.01 0.10
Axis	6
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2015;	Ordiz,	Sæbø,	Kindberg,	Swenson,	&	Støen,	2017)	and	wolves	
(Hebblewhite	 &	Merrill,	 2008)	 and	 could	 be	 explained	 by	 differ‐







The	 influence	of	 seasonality	on	habitat	 selection	deserves	at‐
tention.	At	the	intraspecific	level,	female	bears	with	offspring	seg‐
regate	 from	 other	 bears	 during	 the	 mating	 season	 in	 spring,	 but	
not	 during	 other	 seasons	 (Steyaert	 et	al.,	 2013),	 and	 wolves	 also	
show	 seasonal	 variation	 in	 habitat	 selection	 (Uboni	 et	al.,	 2015).	





in	 the	 season,	most	 bear	 populations	 rely	 on	 hard	 and	 soft	mast	
(e.g.	Naves	et	al.,	2006).	Therefore,	 the	degree	of	 trophic	overlap	
between	 wolves	 and	 bears	 in	 summer	 and	 fall	 is	 certainly	 lower	

























2016)	 and	 elsewhere.	 In	 Africa,	 for	 instance,	 habitat	 selection	 by	
cheetahs	(Acinonyx jubatus)	at	the	home	range	scale	was	similar	to	
that	of	lions	(Panthera leo)	and	spotted	hyenas	(Crocuta crocuta),	but	
cheetahs	 avoided	 immediate	 risks	 by	 occurring	 farther	 from	 lions	
and	 hyenas	 than	 predicted	 by	 a	 random	 distribution	 (Broekhuis,	
Cozzi,	Valeix,	McNutt,	&	Macdonald,	2013).
Habitat	 segregation	 has	 been	 studied	 at	 different	 scales	
for	 many	 coexisting	 species,	 from	 spiders	 (Thompson,	 Ball,	 &	
Fitzgerald,	 2015)	 to	 a	 variety	 of	 mammals,	 including	 ungulates	
(Darmon	 et	al.,	 2012;	 Owen‐Smith,	 Martin,	 &	 Yoganand,	 2015)	
and	 medium‐sized	 and	 large	 carnivores	 (Broekhuis	 et	al.,	 2013;	
May	et	al.,	2008;	Pereira,	Alves	da	Silva,	Alves,	Matos,	&	Fonseca,	












Whereas	 having	GPS	data	 from	all	 bears	 and	wolves	 in	 the	 area	
would	have	given	us	a	more	complete	picture,	this	is	hardly	feasi‐
ble	in	large	carnivore	studies	and,	beyond	logistic,	economic,	and	






by	 an	 interaction	 between	 environmental	 and	 human	 factors,	
which	 reflects	on	 the	current	distribution	 (Llaneza,	López‐Bao,	
&	 Sazatornil,	 2012)	 and	 genetic	 structure	 of	 wolf	 populations	
(Hulva	 et	al.,	 2017).	 Nevertheless,	 to	 obtain	 a	 comprehensive	
understanding	of	the	mechanisms	facilitating	coexistence	among	
sympatric	apex	predators,	it	will	also	be	important	to	understand	
how	 the	habitat	 selection	of	 each	 species	 is	 influenced	by	 the	
relative	density	of	the	other	species	and	by	differences	in	avail‐
ability	of	resources	at	large	(Ordiz	et	al.,	2015)	and	finer	spatial	
scales	 (e.g.	 this	 study).	 In	 that	 sense,	 availability	 of	 resources	
used	by	one	species,	but	not	by	the	other,	may	also	be	important	
to	understand	interspecific	differences	in	habitat	selection.	We	
focused	our	 study	 in	 the	part	of	 the	year	when	moose,	partic‐
ularly	neonate	calves,	are	important	for	both	wolves	and	bears,	
but	when	the	latter	also	relies	on	other	resources	rich	in	protein,	
for	 example,	 anthills	 (Stenset	 et	al.,	 2016).	 Quantifying	moose	
occurrence	 in	 such	a	vast	area	 is	 challenging,	 and	we	used	 the	
best	available	data	 (pellet	 counts)	 to	derive	an	 index	of	moose	
occurrence.	Although	moose	occurrence	had	a	poor	predictive	
power	 (low	 k‐fold	 cross‐validation),	 it	 was	 an	 important	 vari‐
able	 to	 explain	 bear	 and	 wolf	 habitat	 selection.	 Distribution	
and	 abundance	 of	 other	 resources	 (e.g.	 anthills),	 for	 instance,	
also	may	help	to	explain	bear	habitat	selection	and,	potentially,	
differences	with	 the	 habitat	 selection	 of	wolves,	which	 as	 ob‐
ligate	 carnivores	 relied	more	 specifically	on	moose.	Therefore,	
it	would	be	 ideal	 to	collect	and	 include	data	on	the	availability	
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of	other	resources	in	more	holistic	analyses	to	understand	fully	
how	coexisting	species	select	habitat	and	share	landscapes.
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